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The initial probability of dissociative chemisorption Pr of methane and ethane on the highly 
corrugated, reconstructed Pt(ll0)-(1 X 2) surface has been measured in a microreactor by 
counting the number of carbon atoms on the surface following the reaction of methane and ethane 
on the surface which was held at various constant temperatures between 450 and 900 K during the 
reaction. Methane dissociatively chemisorbs on the Pt ( 110)- ( 1 X 2) surface with an apparent 
activation energy of 14.4 kcal/mol and an apparent preexponential factor of 0.6. Ethane 
chemisorbs dissociatively with an apparent activation energy of 2.8 kcal/mol and an apparent 
preexponential factor of 4. 7 X 10- 3• Kinetic isotope effects were observed for both reactions. The 
fact that P, is a strong function of surface temperature implies that the dissociation reactions 
proceed via a trapping-mediated mechanism. A model based on a trapping-mediated mechanism 
i.s used to explain the observed kinetic behavior. Kinetic parameters for C-H bond dissociation of 
the thermally accommodated methane and ethane are extracted from the model. 
I. INTRODUCTION 
The dissociative chemisorption of a gas-phase molecule on a 
solid surface is a complicated process that occurs on a multi-
dimensional potential energy surface. The mechanisms by 
which a gas molecule dissociatively chemisorbs on a surface 
are often classified into two types, namely, trapping-mediat-
ed and direct mechanisms. 1 -s In the trapping-mediated 
mechanism, the gas molecules lose a sufficient fraction of 
their incident kinetic energy to become trapped and thermal-
ly accommodated to the surface temperature. The trapped 
molecules can either desorb back into gas phase, or they can 
locate a minimum barrier in the potential energy surface and 
chemisorb. In the case of methane and ethane on the 
Pt ( 110)- ( 1 X 2) surface, the trapped molecules may be con-
sidered to be physically adsorbed, and the chemisorption is 
dissociative involving C-H bond cleavage. The observed 
probability of dissociative chemisorption is a convolution of 
a dynamical factor (the trapping probability) and a kinetic 
factor (the relative rates of dissociation versus desorption 
from the physically adsorbed state). The former decreases 
precipitously with increasing incident translational energy 
(or gas "temperature") 5•6 but is a rather weak function of 
the surface temperature. 4 The latter can be rather sensitive 
to the surface temperature, depending upon the energetics 
associated with the two competing pathways for the trapped 
molecules. 2 The rate associated with the direct mechanism, 
however, is not a strong function of the surface temperature. 
The overall rate of dissociative chemisorption can be ex-
pressed as the sum of a trapping-mediated component and a 
direct component. Depending upon the reaction conditions, 
one of the two components may be dominant in the overall 
rate, making it possible to investigate the kinetics and dy-
namics of the two reaction channels separately. This has 
been demonstrated explicitly for the dissociative chemisorp-
tion of nitrogen on the W ( 100) surface4 and ethane on the 
Ir( 110)-(1 X2) surface. 5 
The activation of C-H bonds in alkanes for subsequent 
functionalization is an extremely important chemical pro-
cess. An understanding of the chemical interactions of meth-
ane and ethane, the two simplest alkanes, with initially clean 
transition metal surfaces is likewise very important. While 
there have been a number of molecular beam investigations 
of the direct, dissociative chemisorption of methane on a 
variety of transition metal surfaces including W (110), 7 
Ir(l10)-(1X2),8•9 Pt(ll1), 10· 11 Ni(ll1), 12 and 
Ni(llO), 13 less work has been concerned with dissociative 
chemisorption on well-characterized surfaces via the trap-
ping-mediated mechanism. 14' 15 The goal of the work report-
ed here is to measure the probability of dissociative chemi-
sorption of methane and ethane via the trapping-mediated 
mechanism and to interpret the results microscopically. 
II. EXPERIMENTAL DETAILS 
The experiments were performed in a microreactor that 
has been described previously. 16·17 The microreactor has a 
volume of 30 cm3 and is connected to an ion-pumped ultra-
high vacuum (UHV) chamber which has a base pressure of 
3 X w- 10 Torr. The reactant pressures were measured by a 
Baratron gauge. Both sides of the Pt( 110) crystal were pol-
ished and the surfaces were cleaned initially by argon ion 
sputtering in situ in the microreactor. The ( 110) surface has 
a total area of0.8 cm2 (both sides). Two high purity plati-
num wires (0.010 in. diameter and 0.2 in. length) were spot 
welded to the edge of the crystal and were clamped onto two 
0.24-cm-diam copper leads that support the crystal and al-
low it to be heated resistively. The temperature of the crystal 
was measured with a 0.003-in.-diam W-5% Re/W-26% Re 
2445 J. Vac. Sci. Techno!. A 8 (3}, May I Jun 1990 0734·21 01/90/032445-04$01.00 @ 1990 American Vacuum Society 2445 
2446 Y. -K. Sun and W. H. Weinberg: Kinetics of dissociative chemisorption of methane and ethane 2446 
thermocouple, which was spot welded to the crystal. The 
crystal was cleaned between experiments by heating to 950 
K for 5 min in 5 X 10 4 Torr of 0 2 flowing through the 
microreactor, and subsequently in 5 X 10- 4 Torr of H 2 for 
another 5 min to remove surface oxygen. Thermal desorp-
tion spectra of CO from the surface are in good agreement 
with the previously published ones, 18 verifying the validity 
of our cleaning procedures. 
The microreactor was operated in a batch mode when 
studying the dissociation of methane ( uCH4 ) on Pt( 110)-
(1 X 2) at low surface temperatures ( ,;;;:740 K), since the 
probability of dissociative chemisorption is very low. In this 
mode the crystal was held at a constant temperature, and a 
methane "pressure jump'' was created by rapidly opening 
and then closing the inlet valve. The transient part of the 
pressure profile is shorter than five seconds, which is less 
than 15% of the minimum batch reaction time. Thus we 
have a well-defined reaction condition (i.e., surface tem-
perature and reactant pressure). The methane was allowed 
to react in the sealed reactor for a period of time r, followed 
by immediate cooling of the crystal and pump-out of the 
contents of the reactor. The number of carbon-13 adatoms 
on the surface Nc, which is directly proportional to the prob-
ability of dissociation, was determined by counting the num-
ber of 13C02 molecules mass spectrometrically during oxy-
gen titration of the carbon-13 ada toms. During the oxygen 
titration, the surface was heated to and held at 550 K in 
vacuum, oxygen was then introduced into the reactor, and 
the mass spectrometric intensity of 13C02 was recorded. No 
13CO was observed under the titration conditions. The abso-
lute rate of production of 13C02 was determined by calibrat-
ing the mass spectrometer with a known leak of C02 into the 
microreactor. The pressure of methane and the value of r 
were chosen in a such way that the coverage of carbon-13 
ada toms is above the detection limit of the titration method 
and below 10% of a monolayer. The initial probability of 
dissociative chemisorption at a surface temperature 
T,P, ( T),. was calculated by extrapolation to zero-carbon 
coverage using the following relation: 
(1) 
where n is the number of carbon atoms in the reactant mole-
cule, and F is the impingement rate of reactant molecules. 
For the dissociative chemisorption of methane at high sur-
face temperatures ( > 740 K) and ethane in the entire tem-
perature range studied ( 345 to 715 K), the experimental 
procedure was the same as that described above except that 
the reactor was operated in a flow mode in which the reac-
tant continuously flows through the reactor for a period of 
time rat a flow rate that is much greater than the reaction 
rate in order to maintain low conversions of methane (at a 
pressure of approximately 1 X 10- 4 Torr) and ethane (at a 
pressure of 5 X 10 6 Torr) in the reactor. U nlabcled ethane 
( C2 H 6 ) rather than carbon-13labeled ethane was used since 
it was found in the experiments with the carbon-13 labeled 
methane that the signal of 12C02 due to oxidation of back-
ground co is negligibly small compared with that of 13C02 
under the titration conditions. Hence the carbon labeling 
J. Vac. Sci. Technoi. A, Vol. 8, No.3, May/Jun 1990 
was not necessary. 
Both the carbon-13 labeled methane ( uCH4 , 99 
atom% uC) and deuterated methane (CD4 , 99 atom% D) 
were obtained from Icon Services, the ethane ( C2 H 6 , 
99.99%) from Matheson, and the deuterated ethane ( C2 D 6 , 
98 atom% D) from Cambridge Isotopes. All gases were 
manipulated in a gas manifold that was pumped by a diffu-
sion pump and had a base pressure below 1 X 10- 7 Torr. 
Ill. RESULTS AND DISCUSSION 
The logarithm of the measured initial probability of disso-
ciative chemisorption P, of 13CH4 on the Pt(110)-(1X2) 
surface is plotted as a function of reciprocal surface tempera-
ture in Fig. 1, where P, is represented by filled circles. The 
diagram is divided into three different regimes (by the two 
vertical dashed lines), i.e., low- (below 510 K), intermedi-
ate- (510 to 740 K), and high-temperature (above 740 K) 
regimes. In the low-temperature regime, P, increases with 
increasing surface temperature more rapidly than it does in 
the intermediate surface temperature regime. In the high-
temperature regime, P, first levels off and then decreases 
slightly with increasing surface temperature. Only in the in-
termediate-temperature regime is P, the true initial dissocia-
tive chemisorption probability of 13CH4 on the Pt (11 0)-
(I X 2) surface. In the low-temperature regime, the 
measured value of P, is decreased due to adsorption of CO 
from the background, and in the high-temperature regime it 
is decreased due to the diffusion of carbon into the bulk of the 
platinum. 17 Taking into account appropriate corrections for 
these processes caused all data to agree with those measured 
at intermediate temperatures, cf. Fig. 1. The slope of the 
straight line in Fig. 1 corresponds to an apparent activation 
energy of 14.4 kcal/mol and an apparent preexponential fac-
tor of0.6, i.e., we find 
P _ k (0) -- E.,, 1,1k"T r- 'arpe ' 
Where k (OJ = 0 6 and E = 14.4 kcal/mol. app • app 
CH4 /Pi(110)-(1X2) 
(2) 
FIG. 1. Arrhenius plot of the apparent initial dissociative chemisorption 
probability, P;'""(e). of ~'CH4 on the Pt( 1 !0)-( 1 X 2) surface. Two verti-
cal dashed lines divide the diagram into three different regimes. The solid 
line is a fit to the data in the intermediate temperature regime with 
E .. ,.., ~ 14.4 kcal/mol. The data at both low and high temperatures fall on 
this same line when suitably corrected (see the text). 
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The initial probability of dissociative chemisorption of 
CD4 was also measured and was found to be consistently 
lower than that of 13CH4 • Assuming the same value of the 
11 h . . preexponential factor as for · CH4 , t e apparent acttvatton 
energy for the dissociative chemisorption of CD4 is 15.6 
kcal/mol. 17 The observation of this kinetic isotope effect is 
expected since C-H bond cleavage is the rate-limiting step in 
the decomposition of the methane. 
Ethane dissociates on the Pt (110)- (1 X 2) surface more 
readily than methane. The initial probability of dissociative 
chemisorption of C2 H 6 and C2 D 6 were measured at a pres-
sure of 5 X 10 · 6 Torr. Since the reactant pressure was much 
lower than it was in the methane experiment, there is negligi-
ble background adsorption of CO in this case. The results of 
the measurements are shown in Fig. 2 in the form of an 
Arrhenius plot The data are well described by Eq. (2) with 
an apparent activation energy of2.8 kcal/mol and an appar-
ent preexponential factor of 4. 7 X 10- '. Deuterated ethane 
reacts on the surface with a rate that is approximately 2.5 
times slower than that of C2 H6 , with an apparent activation 
energy of 3. 5 kcal/mol and the same preexponential factor as 
that of C2 H 6 • 
Since all of the experiments were carried out at reactant 
pressures below 10 ·· 2 Torr, the temperature of the reactants 
should be nearly equal to the wall temperature of the reactor 
(approximately 300 K) rather than the surface temperature 
of the single crystal. 14 The probability of direct, dissociative 
chemisorption of a Maxwell-Boltzmann gas of methane or 
ethane at 300 K is negligibly small compared to our mea-
sured values. Furthermore, the fact that P, is a strong func-
tion of surface temperature and can be described by Eq. ( 2) 
indicates that the dissociation reactions are proceeding via a 
trapping-mediated mechanism. Consider, for example, the 
case of methane. A trapped methane molecule can either 
desorb or dissociate on the surface, i.e., 
;F 
CH4 (g)~CH4 (a), 
/.:,/ 
k, 
CH4 (a) -C(a) + 2H2 (g), 
where (a) implies the adsorbed phase and (g) the gap phase. 
Assuming a pseudo-steady-state for 13CH4 (a), one finds 
that the probability of dissociation is given by Eq. (2), 
f;kr p = , 
r kr + kd 
(3) 
where r; is a thermal average of the trapping probability of 
methane, and kd and kr are the rate coefficients of the two 
competing processes, i.e., desorption and reaction of the 
trapped methane molecules on the surface. Since kd ~ kr for 
methane on the Pt(l10)-(1X2) surface, Eq. (4) may be 
rewritten as 
k 
P,=f; k: . (4) 
Assuming that both kd and k, are of the Arrhenius form 
k <Ole- r:,lkuT and that r; is independent of the surface tem-
p~rature,4 one would expect a straight line when In P, is 
plotted versus liT with the slope being - (Er- Ed )lkn 
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FIG. 2. Arrhenius plot of the initial dissociative chemisorption probability 
ofC, H,, (e) and C2 D,, (0) on Pt(! !0)-( I X2). The apparent activation 
energies arc 2.8 and 3.5 kcal!mo!, respectively. 
and the intercept being ln(r;k;0l/k~0>). Hence, our mea-
sured apparent activation energies for the dissociative chem-
isorption of methane ( 14.4 kcal/mol) and ethane (2.8 
kcal/mol) represent the activation energy with respect to an 
energy zero that is the alkane in the gas phase. The activation 
energy with respect to the bottom of the physically adsorbed 
wellEr is simply equal to the measured activation energy 
plus the activation energy for desorption Ed of the physically 
adsorbed alkane, i.e., Er = Earr +Ed. Since the values of Ed 
for methane and ethane are approximately 4 and 7.5 
kcal/mol, repectively, 17 the values of Er for methane and 
ethane on this surface are approximately 18.4 and 10.3 
kcal/mol, respectively. Furthermore, if the preexponential 
factors of the desorption rate coefficients of methane and 
ethane from the physically adsorbed well are 1013 s- 1 and~­
is taken to be unity, 5 then the preexponential factors of the 
rate coefficients for dissociation on this surface are 6 X 1012 
s- 1 for methane and 4. 7 X 1010 s · 1 for ethane. 
IV. SUMMARY 
The initial probabilities of dissociative chemisorption of 
methane and ethane on the highly corrugated, reconstructed 
Pt(ll0)-(1 X2) surface have been measured. The surface 
temperature was varied with the reactant gas temperature 
maintained constant at 300 K. Under these conditions we 
probed the kinetics of trapping-mediated dissociation. ~is­
sociative chemisorption is activated for both methane wtth 
an apparent activation energy of 14.4 kcal/moL and ethane 
with an apparent activation energy of 2.8 kcal/mol. These 
activation energies are measured with respect to the alkane 
in the gas phase. The activation energies measured with re-
spect to the bottom of the physically adsorbed well (i.e., the 
activation energies of the elementary surface reactions) are 
approximately 18.4 kcal/mol for methane and 10.3 
kcal/mol for ethane. 
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